This work aims to use factorial designs to evaluate changes in the operating conditions of a three-phase separator. It performs experiments using a Hysys simulation software. It evaluates the influences of temperature, working pressure, and type of separator for light and heavy oils. To find the best operating conditions theoretically, higher oil flow rate (outlet stream) and smaller amount of water in the oil stream are used as reference goals. After performing simulations, the data is analyzed, and one can observe that the effect type of separator does not have a statistically significant influence in the results. The best operating condition occurs with the temperature at 30 o C and the pressure at 9 bar, lowest and highest levels suited, respectively.
THE USE OF FACTORIAL DESIGN TO EVALUATE SYSTEMATIC CHANGES IN THE OPERATING CONDITIONS OF A THREE-PHASE SEPARATOR USING SIMULATION AS A TOOL

INTRODUCTION
Oil production is accompanied usually by the joint production of water and gas. During the course to the surface, due to severe pressure and temperature conditions, the mixing between the three phases occurs (Santos, 2013). Thus, oilwater-gas separation must be one of the first operations to be carried out after crude oil extraction. After the extraction process, the mixing goes to a primary processing stage, which aims to separate the three phases (Vileiniskis et al., 2016).
Three Phase Separator (TPS) is a large vessel used to separate petroleum-produced fluids into gas, oil, water, and solid impurities. The separation vessel is the initial processing equipment which has a great influence in the entire plant's capacity. An inappropriate design of a three-phase separator can lead to problems, reducing equipment efficiency. Thus, a TPS failure can make the entire oil processing plant stop (Ghaffarkhah et al., 2017). TPS operation is based on gravity force, so the fluid with a higher density will settle on the bottom of the separator, and the fluid with lower density will flow to the top of the separator. Different types of separators can be used, being the most common ones horizontal, vertical and spherical separators (Vileiniskis et al., 2016).
Water separation is the most complex and important stage of the primary processing, since its presence in the oil stream can increase corrosion and hydrates formation (Dantas et al., 2012) . The water can occur in the oil stream in its free form or as a water-oil emulsion, which is quite undesirable, since the stability of water-in-oil emulsions is a major problem in primary separation (Santos, 2013). In offshore platforms, for example, emulsions formation can also be influenced by external factors such as amplitude of waves, sea currents, and winds that provoke movements in both horizontal and vertical planes (Martins, 2017).
On the other hand, the flow rate of produced water after the primary processing also requires adequate treatment so that it can be properly disposed and/or reinjected into the wells (Dantas et al., 2012; Seureau et al., 1994). Since several oil wells, especially the older ones, are becoming less economical due to high production costs and reduced recovery, the study of variables influencing the oil-water separation process, points to the best operating conditions, and aims at increasing efficiency. Such studies may lead to an improvement in the oil recovery process, in addition to the reduction of environmental impacts (Zeng et al., 2016).
For sizing a TPS it is necessary to choose the vessel's shape, length and diameter, as these can also influence the separation process. In the semiempirical method, vessel dimensions are calculated to allow the phases reaching equilibrium. Although some useful design considerations can be provided by this approach, very important information, which may affect the separator performance, are usually disregarded (Ghaffarkhah et al., 2017).
This work aims to use factorial designs to evaluate changes in the operating conditions of a three-phase separator, performing the experiments using Hysys as the simulation software. The influences of temperature, working pressure, and type of separator for lighter and heavier oils were evaluated through the accomplishment of two factorial designs 2 3 , to find, in theory, the best operating conditions. The objective here was to obtain the highest oil flow rate in the product stream, as well as the smallest percentage of water in the oil stream. This would increase process efficiency as a whole. Also, according to the factorial design results, a comparative study was proposed between heavier and lighter oils, of how the 2 responses change when the temperature ranges from 30 to 50 o C for a fixed pressure value (9 bar).
MATERIALS AND METHODS
The TPS simulation was performed using Aspen Hysys® 8.8 software, in stationary mode. To proceed with the separation, the software performs a P-H flash to determine the products conditions and phases. The pressure at which the flash is performed is the lowest feed pressure minus the pressure drop across the vessel. The enthalpy is the combined feed enthalpy plus or minus the duty. Thus, for heating, the duty is added; as for cooling, the duty is subtracted (Clement & Smith, 2003 ).
The thermodynamic model chosen to proceed with the simulations was Peng-Robinson. In this regard, it is worth mentioning that Hysys contains more than 35 mathematical models for liquidvapor equilibrium, liquid-liquid, and enthalpy calculation (West et al., 2008) . Other models such as UNIQUAC, NRTL, and Extended NRTL were tested for the studied system. However, in these cases the Peng-Robinson Equation of State (EOS) was deemed more appropriate, since it was the one that best suited the proposed system, under the studied conditions (Jahangiri & Nouri, 2014).
Cubic EOS has been used widely to model the oil and gas phases in phase equilibrium calculations. Thus, several attempts have been made to model the aqueous phase using the same EOS (Li & Nghiem, 1986). A cubic EOS was chosen because in process design, it allows fast screening of a great number of design alternatives, due to its low complexity and high accuracy for many compounds in non ideal conditions. In this case also, the use of an EOS was necessary since there are two liquid phases coexisting -i.e., the liquid phase was not ideal either (Jaubert et al., 2010).
As an example, Jahangiri and Nouri (2014) used Hysys, applying the Peng-Robinson EOS to simulate a TPS system. In that case, they observed that by comparing the data obtained experimentally and the data from the simulation program, all the parameters, such as temperature, working pressure, and flow rates were in general very close together or only slightly different between them.
In the present work, during the simulation, two different systems were evaluated, differing only in the composition of the oil phase in the inlet stream. Thus, in the first situation, only the presence of a "lighter oil" (C2 -C10) was considered in the inlet stream; as in the second situation, the oil fraction in the production stream was assumed to be composed of "heavier oil" (C11 -C20). The compositions were given according to the data provided by Akpan (2013).
In this case, the variable "type of oil" was excluded, regarding the oil composition in the factorial design planning. Instead, two factorial designs were made, since the type of oil is something already predetermined before doing the design of the vessel, being clearly relevant and therefore significant for the whole process. Figure 1 shows the process flow diagram of the three-phase separation process. In this case, it was assumed that the system was fed with a total volumetric flow rate of 10861.376 m 3 /day (production stream), and that the volume of water, oil, and gas in the inlet stream was the same To evaluate the efficiency of water-oil separation inside the vessel, two complete factorial designs 2 3 (one for lighter and another one for heavier oil) were carried out. The studied variables were: temperature (1), type of separator (2), and working pressure (3) (Erwin, 2016). The levels of these variables can be seen in Table 1 .
The working pressure values shown in Table 1 were chosen based on the most common operation values for a TPS (Universidade Petrobras, 2007). The TPS vessel used was in a Flat Cylinder shape, which is available in Hysys for either horizontal or vertical vessels. If only the total cylindrical volume of the vessel is specified, the height to diameter ratio is defaulted by the software as 3:2 (Clement & Smith, 2003). Thus, the total volume of the vessel equals to 1m 3 was used.
According to Clement and Smith (2003), in Hysys, the main difference between vertical and horizontal cylindrical TPS is that the liquid height in a vertical vessel changes linearly with the liquid volume; on the other hand, for the horizontal (as well as the spherical) vessels, there is a nonlinear relationship between the liquid height and the liquid volume. Thus, even in stationary mode, there will be a difference in the separation process if one uses the cylindrical vessel in one orientation or another.
Data analysis was performed taking into account the type of oil in the inlet stream, regarding two output responses: oil flow rate in the outlet stream (m 3 /h), and mass percentage of water in the oil stream (%). This evaluation was carried out using a Statistica Utimate Academic® software. The mass percentage of water in the oil stream was obtained dividing the mass flow rate of water in the oil outlet stream by the overall mass flow rate in the stream, multiplying the results by 100%. In Hysys, TPS can use the known feed composition to determine the product streams compositions (Clement & Smith, 2003) .
After carrying out the factorial design experiments and their corresponding analysis, it was also proposed a comparative study, between heavy and the light oils, of how the 2 responses studied behave when the temperature ranges from 30 to 50 o C. In this case, the pressure was fixed at 9 bar. The data collected for this comparative study was also obtained by means of simulation, using Hysys.
RESULTS AND DISCUSSIONS
The results obtained during the experiments, for both responses, are given in Tables 2 and 3 , according to the type of oil studied.
The analysis of the results might be done based on the normal probability plots, given by Figures 2, 3, 4, and 5. In this case, the normal graphs will be used since the experiments were performed using a simulation software, in which it is not necessary to perform the tests in duplicate. In general, for the normal plots, the positive values of the effects mean that an increase in their levels leads to an increase in the oil flow rate or in the % of water in the oil stream. On the other hand, the negative values of the effects lead to a reduction of the percentage removal when their levels are increased.
Initially, from an overall analysis of the four normal graphs, one can see that the main effect type of separator, as well as the interaction effects of two and three factors, do not present statistical significance at 95% confidence, since the values were all very close to zero. Thus, these effects, in some cases, also ended up being superimposed on the graphs (Barros Neto et al., 1996; Rathinam et al., 2011). These results were already expected, since they assumed the volumetric flow rates of water, oil, and gas to be equal. Vertical separators are used normally when the gas-liquid ratio is high. On the other hand, horizontal separators are used generally for high overall liquid volumes. This study assumed that the amount of liquid does not differ much from the amount of gas. Therefore, the effect type of the separator, in fact, should not be significant in this case.
Oil flow rate
According to Tables 2 and 3 , within the studied range, the highest oil flow rate in the outlet stream is 263. By analyzing the normal probability plots in Figures 2 and 3 , it is possible to see that only the main effects temperature and working pressure are significant for both the lighter and the heavier oil. In this case, it is observed that, in fact, the temperature influences negatively the process. The best operating condition, when the highest oil flow rate is obtained at the outlet stream, would be with temperature at its lower level. This could be justified by the fact that the higher the temperature, the more components in the "oil phase" would pass into the "vapour phase," going directly into the gas stream (Sayda & Taylor, 2007).
In regards to the effect of working pressure, it influences the process in a positive way. The best operating condition, when the highest oil flow rate is obtained, may occur when the working pressure is at its highest level. It should be noticed, though, that a higher working pressure in this case, indicates a lower pressure drop inside the vessel, which would generate less turbulence inside the separator, facilitating the separation process by gravity.
Although by default the HYSYS separators are ideal separators, in practice, when operating a real vessel, this could, to a certain extent, decrease the chance to form emulsions within the separator, which would contribute to explain even more the fact that the separation occurs more efficiently when the working pressure is kept closer to the inlet pressure (Clement & Smith, 2003) . Martins (2017) studied the performance of a three-phase separator regarding the effects of sea wave motion. In that work, three phase separator performance was defined by the emulsions quality indicator, which is based on the amount of free water which exceeds the dam at the final section of the separator. One could observe that an offshore separator strongly dependent on the platform movements (i.e., on the external forces acting on the separator). The combination of these parameters directly influences emulsions quality.
Although in the present work external forces acting on the vessel were not studied, the turbulence caused by a larger pressure drop (for lower input pressure values) may, in fact, have similar effects on the system to that observed in Martins (2017) work. That could influence directly the formation and quality of water-oil emulsions obtained. 
Mass percentage of water in the oil outlet stream
As Hysys gives the compositions of all product streams in the TPS, it was possible to calculate the percentage of water in the oil outlet stream. Initially, according to the results in Tables 2 and 3 , it is observed that within the studied range, the lowest percentage of water in the oil stream corresponds to 0.0099% for the lighter oil and 0.0045% for the heavier oil. In both cases, these results are obtained with temperature and working pressure at their lowest levels.
However, for both the lighter and the heavier oil, it is possible to notice from the analysis of the normal probability plots, given by Figures 4 and 5 , that only the main effect temperature is significant, since all the other effects (including the effect of working pressure) could not be considered statistically significant at a 95% confidence level. In this case, one can observe that temperature influences positively the process. The higher the temperature, the higher the percentage of water in the oil outlet stream is. Thus, the best operating condition, which is when the lowest percentage of water in the oil outlet stream is obtained, occurs with the temperature at its lowest level. This could be explained by the fact that the higher the temperature, the greater the formation of water vapours is. That then ends up going to the lighter (upper) current, which in this case is the oil stream (Sayda & Taylor, 2007).
In fact, according to Paasimaa (2005), the dependence of water-oil solubility on temperature is generally exponential. Thus, the hotter the oil is, the greater the amounts of water it dissolves.
Comparative analysis for temperature changes
According to the experimental design analysis, as the temperature effect was statistically significant for both responses studied, the graphs showing how the responses are affected by the changes in temperature were then made, as one can see in Figures 6 and 7.
By analyzing Figure 6 , one can see that the effect of increasing the temperature in the oil flow rate is more pronounced in the lighter than in the heavier oil system. For the lighter oil, it is possible to notice more clearly that as the temperature increases, a reduction in the oil flow rate occurs at the exit of the separator. On the other hand, for the heavier oil, the oil flow rate in the outlet stream remains practically steady during the process.
As it was previously explained in section 3.1, the higher the temperature is, the more components in the "oil phase" will pass into the "vapour phase," going directly into the gas stream. That would, then, end up reducing the oil flow rate. However, as the lighter oil has a greater number of smaller hydrocarbon molecules, more components in the oil phase will pass into the gas phase when increasing the temperature, compared to the heavier oil, reducing the oil flow rate in the outlet stream more significantly as well.
By analyzing Figure 7 , it is possible to notice that, again, the temperature effect in the mass percentage of water in the oil stream is more prominent in the lighter oil than in the heavier oil. As mentioned previously, the dependence of water-oil solubility on temperature is generally exponential (see the shape of the curves). The hotter the oil is, the greater the quantity of water that can be dissolved will be (Paasimaa, 2005). As the increase in temperature also favors the lighter hydrocarbons to go to the gas phase, there will be even more water and less oil in the oil stream for the lighter oil system, than for the heavier oil system, when the pressure is kept constant at 9 bar.
According to Erwin (2016), the water separation process may as good as 90%, or even less than 50%, depending on the difference between the relative densities of the oil and the water. Thus, in fact, the density of the oil plays an important role in the water-oil separation process.
CONCLUSIONS
In this study, the authors found that the effect "type of separator" is not statistically significant in any of the proposed systems; although the effect "temperature" is quite significant for both responses considered. Regarding the effect of "working pressure," one could observe that it was significant only for the oil flow rate response. In general, it was verified that the best operating condition for the proposed system, within the studied range, occurs when the temperature is at its lowest level (30 o C) and the pressure is at its highest level (9 bar). By analysing how the responses change with temperature, it was possible to notice that, for both responses considered, the effect of increasing the temperature generally is more pronounced in lighter oil than in heavier oil, under the studied conditions.
In future studies, the authors propose a comparison between simulation data with real data to completely validate the results and effects discussed in the present work. They also suggest to repeat this preliminary study using other thermodynamic packages (i.e., more adequate cubic EOS) to compare the data, as well as to analyse how that would affect the system and the responses.
